Abstract-With the advent of restructuring, generation companies have to plan the operation of their stations in order to maximize their profits. This is very relevant for companies having a large share of hydro stations, and even more if these stations have pumping capacity. This paper describes a model to plan the operation of a set of hydro stations eventually installed in cascade and admitting that some of them are pumping stations. Once a first set of operation orders is obtained using a Genetic Algorithm, their generation/load values are included in the expected market selling/buying curves and the hourly prices are updated. These prices are then used to refine the operation orders originating an iterative process so that hydro stations are price makers. The paper includes results for a hydro system in order to illustrate the application of the developed approach.
I. INTRODUCTION
In several European countries hydro generation plays an important role in the supply of electricity. In the past, under the vertically integrated paradigm that governed the sector, the operation of hydro stations was directed by long term planning considerations, namely regarding reservoirs. In recent years, the advent of electricity markets and the rapid increase of other renewable sources as wind power put a new emphasis on the identification of the most adequate operation strategies for hydro stations on the short term (namely for the next day or week), both run-of-river and reservoirs.
In recent publications we have developed short term operation planning models for hydro stations namely installed in cascade taking into account electricity markets prices that is admitting that hydro stations behave as price takers [1, 2] using an under relaxation approach and Genetic Algorithms. However, in countries as in Portugal the share of hydro generation is typically large (in average hydro years it can reach 25% of the total electricity generation) so that taking hydro stations as just price takers becomes far from reality. Accordingly, this paper gives a further step in this problem considering the impact of their operation in the electricity market prices. This means moving from considering hydro stations as just price takers and we are now admitting they influence market prices and so they behave as price makers.
The mathematical model used to obtain the most adequate operation strategy of a set of hydro stations considers the non linear relation between the power, the water flow and the head, as well as the possibility of pumping. The results provided by this model correspond to the operation strategy that maximizes the profit of the generation agent along the 24 hours of a trading day or along a week. In order to consider the impact on electricity prices, this model is then included in an iterative procedure that starts with a set of initial electricity prices for each hour of the planning horizon together with the demand curve and the estimated selling curve for the remaining generation agents, solves the mentioned profit maximization problem using Genetic Algorithms [2] , updates the hourly market selling and buying aggregated curves and makes the intersection of these curves to update the hourly prices. These prices are then input again in the profit maximization problem to progressively refine the operation decisions of the hydro stations.
II. BRIEF LITERATURE REVIEW ON HYDRO SCHEDULING
The hydro scheduling problem is traditionally a complex one given its non linear nature and the temporal and spatial interdependencies between stations. Admitting we are panning the operation of station i in period k and assuming an ideal hydro circuit, the generated power is given by (1) in which the gravity acceleration is 9,8 ms -2 , the density of the water is 1000 kg/m 3 , ik q is the water flow in m 3 s -1 , ik h is the water head in m and T is the generation efficiency factor. 9,8.1000 . .
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The water head displays a non linear dependency on the water flow creating losses in the water circuit. In order to consider this effect, expression (1) is substituted by (2) in which represents the head loss coefficient. For each particular value of ik h one obtains a non-linear expression relating ik q and Tik P , that is, expression (2) corresponds to a family of curves as illustrated in Figure 1 . The head loss coefficient is calculated using (3) where hn is the nominal head loss and qn is the nominal discharge flow. After obtaining , the generated power Tik P still displays a non linear dependence on the water flow, ik q , due to the term 2 . ik q in (2) . This non linear relation is illustrated in Figure 1 Fig. 1 . Family of curves for the generated power of a hydro station.
The non-linear dependency between the power, the head and the flow is one the reasons for the complexity of the hydro scheduling problem that justified the adoption of several approximations.. One possible approximation corresponds to neglect the head loss term in (2) so that for a particular value of ik h a linear approximation is used. This approximation would be located above the real curve leading to poorer results for larger flows. This is not desirable because the experience shows that, when generating, hydro stations are operating for large values of the flows to increase the revenues. A second possibility corresponds not only to neglect the head loss term but also to consider a fixed value for the head, ik h , itself. This is useful for stations with very large reservoirs so that the head is very little changed after some hours of operation. However, it proves to be unrealistic for run of river stations or small reservoirs in which the capacity and the head can easily get strongly reduced after operating for some periods. This means that the approximation to be used depends on the characteristics of each hydro station.
To maximize the operation profits, generation companies have been enlarging the stations having pumping capacity, either when building new ones or by substituting equipments in existing stations whenever that is possible. In case of pumping, the power consumed by station i in period k is given by (4) where P is the pumping efficiency factor. .
The non-linear nature of the hydro scheduling problem justified the use of non-linear optimization techniques as in [3, 4] . Dynamic programming has also been reported [5, 6, 7] but the curse of dimensionality of dynamic programming turned difficult to model real systems. In an attempt to simplify the problem, several approximations were tested eventually leading to linear formulations as in [3, 8] usually using a linear relation between the power and the flow. Other models include binary variables as [9] to represent the state of each station leading to mixed integer linear or non-linear formulations. More recently, metaheuristic techniques started to be applied to this problem including Neural Networks [10] , Simulated Annealing [11] , Tabu Search [12] , Genetic Algorithms [2, 13] and particle swarm approaches [14] . Finally, several publications [1, 15] use an iterative process in which the head is updated using the value of ik q got in the previous iteration and the coefficient is given by (3).
III. MATHEMATICAL FORMULATION OF THE PROBLEM ASSUMING HYDRO STATIONS AS PRICE TAKERS
In this section we detail the mathematical formulation of the Short-Term Hydro Scheduling, STHS, problem using a set of prices that are unchanged. The STHS model maximizes the profit of a set of hydro plants over a horizon typically of one day or one week with an hourly discretization. We also assumed that there is an upper level model that is used to simulate a medium/long term horizon and that provides the initial and final volumes of each station to be used in STHS. 1 1
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In this formulation:
-I , i -number of reservoirs and index for a reservoir; -K , k -number of periods and index for a particular hour; -Mi -set of upstream reservoirs directly connected with i; -m -index for a reservoir in set Mi ; -k -electricity market price in hour k; -T ik P , Pik P -generated/pumping power in station i, hour k; -ps -penalty factor for spills; The objective function (5) maximizes the profit obtained by selling the generated power at each period k of station i, T ik P , at the market price k subtracted by the cost of buying power if the station is pumping. If spilling occurs then the third term in (5) penalizes these situations. The equality constraints (6) (9) and (10) limit the generation and pumping flows of station i in period k. Finally, constraints (11) indicate that the water spill is nonnegative and (12) sets the volume of reservoir i at the end of the planning period, that is, at the end of hour K.
IV. APPLICATION OF GA'S TO THE SHORT TERM HYDRO SCHEDULLING CONSIDERING THE IMPACT ON PRICES
The previous optimization problem requires that a set of hourly prices is provided. To turn the scheduling results more realistic, and specially for generation companies or countries having a large share of hydro generation, it is important to consider the impact of the hydro scheduling in the market prices, that is considering them as price makers. To do this, the more global procedure illustrated in Figure 2 was used. According to this flowchart, the STHS problem is run a first time using an initial set of prices. Afterwards, we get the generation and pumping orders that are used to change the aggregated market demand and selling curves. Based on historical values, we admit knowing expected demand and generation curves for the remaining market agents. For each hour, the selling curve is moved to the right using the sum of the generation orders of all stations. The demand curve is also moved to the right side using the demand of the stations that are pumping. After doing this for every hour, each pair of demand/generation curves is crossed and a new market price is obtained for that hour. The updated market hourly prices are input to the STHS module again to adjust the operation orders. This defines an iterative procedure that continues until from one iteration to the next one there is no change of the operation mode of any station for any hour of the horizon.
We will now detail the Genetic Algorithm used to solve the problem on block STHS of Figure 2 which corresponds to the problem described in Section III. Genetic Algorithms are well suited to solve problems including integer or binary variables. Regarding the STHS problem, the decision variables are the discharging and pumping flows in each hour which are continuous variables. However, the recent practice of generation companies suggests that when generating the flow is at the maximum and when pumping the flow is also at the maximum possible. These extreme operation strategies are induced by the attempt to maximize the profits. Accordingly, in this application we admitted that flows were at the maximum possible values as it was used in [2] . Therefore, the flows will no longer correspond to decision variables because they are substituted by the status of the each station so that the following coding was used: 00 -not active; 01 -operating as a pump; 10 -operating as a generator; 11 -not active. Accordingly, to model the state of each station in each hour a string of 2 bits is required. Having a hydro system with I stations and an horizon with K hourly periods, the chromosomes have 2.K.I bits. After setting the number of individuals, the main steps of the GA are as follows: i) Initialization -the initial population is randomly sampled; ii) Evaluation -each chromosome codes a possible solution to the problem (5 -13). Each solution is evaluated identifying the state of each station i. If generating then (2) is used to obtain the generated power and if pumping then (4) for the pumping 01 state. These values together with the hourly market prices are then used to obtain the objective function (5) . Regarding the constraints, the fitness function includes penalty terms for violated ones; iii) Convergence -convergence is obtained if the conjunction of the next conditions holds: the average value of the fitness function did not change more than a specified percentage when compared with the values in previous iterations, if its standard deviation is smaller than a pre-set limit and if the largest value of the fitness function (the one of the best individual) didn´t change more than a specified percentage for a number of iterations; iv) Genetic operators -if the iterative process did not converge yet, then the genetic operators are used to create a new population. Selection is done submitting pairs of individuals to a stochastic tournament to select the most adapted one. Then, selected pairs of individuals are submitted to crossover and finally mutation is used to change one bit of some randomly selected individuals. At the end, the new population is returned back to step ii).
V. RESULTS USING A CASCADE OF HYDRO STATIONS

A. Data of the test hydro system
The hydro test system includes four stations all having the possibility of pumping. Their main characteristics are detailed in Table I. Table II has the hourly inflows as well as the initial electricity market prices, admitting that the operation planning horizon of the this hydro system is 24 hours. 
B. Results for Test 1
In the first test inflows were not used and the volumes in the first and final periods are the same. Given that inflows are not considered, to ensure that the initial and final volumes are equal the number of generation hours has to be equal to the number of pumping hours. The results obtained with this test confirmed these conclusions. This first test was also used to select a number of parameters to be used by the GA that is included in the iterative process described in Section IV.
C. Results for Test 2
In this case, we are considering inflows and so the number of generation periods can be larger than the number of pumping periods. Figures 3 and 4 show the pumping and generating periods of stations 1 and 3 and the evolution of the price. The red bars represent pumping hours and the blue ones are the generation hours. The left vertical axis has values from 0 to 1 and the mentioned bars are all at 1 indicating that the maximum generation or pumping flows were used. The right vertical axe has the electricity prices in €/MWh. For station 1 the inflows are small compared with the discharges and so the generation hours exceed the number of pumping hours just by 1. However, for station 3 the inflows are larger and so the generation hours largely exceed the pumping ones. 
D. Results for Test3
In this test we used the head loss in (2) and (4). For station 4, the inflows and the discharged flow are equal (see Tables I and II) so that it can operate as a generator along the day increasing the profit. After running the first iteration of the process detailed in Section IV the initial profit was 739413.18 €. At the end of the iterative process, the profit reduces by 10606.29 € to 728806.89 €. This is explained because in the pumping periods the price tends to increase, while in the generation periods the price is reduced.
E. Results for Test 4
In Test 4 we assumed that station 2 is downstream station 1 and that the lead time is 1 hour. Figure 5 , 6 and 7 detail the generation and pumping periods of stations 1 to 3 and Table  III lists the hourly price variations regarding the initial values  in Table II . Once again, station 4 is operating as a generator all through the day, as justified for Test 3. The connection between stations 1 and 2 makes it possible for station 2 to operate along the day without pumping. It should be noticed that the discharge flow of station 1 is larger than the discharge flow of station 2 and so it is possible to use water both by station 2 to generate and by station 1 to pump as it happens in hours 1, 4 and 6 (see Figures 5 and 6 ). Regarding the profit, its initial value is 797216.15 € and is reduced by 10239.88 € to 786976.27 € considering the stations as price makers. The initial and the final profits are larger than the ones obtained in Test 3 because the hydro connection between stations 1 and 2 improves the efficiency of the system reducing the number of pumping hours of station 2 and increasing its generation hours. This means that this connection reduces the pumping costs and increases the revenues obtained from selling electricity.
VI. CONCLUSIONS
This paper describes a model to consider the impact of hydro stations in the electricity market prices while obtaining the generation and pumping periods that maximize the operation profit. Previous research works on this area admit that hydro stations are price takers, which means that electricity prices are input values that don't change along the solution process. Considering hydro stations as price takers is not realistic because the generation and pumping orders alter the electricity prices and originate a reduction of the profit. Therefore, the described approach can be useful for generation agents owning a large share of hydro stations or for countries in which hydro generation is significant. Finally, the results obtained for Test 4 considering an hydro connection is, proves that pumping together with the installation of hydro stations in the same river provides an increase of the operation profit.
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